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PURPOSE. Fusarium is a major cause of microbial keratitis, and
its ability to form biofilms was suggested as a contributing
factor in recent outbreaks. We investigated the ability of
outbreak Fusarium isolates (F. solani species complex [FSSC]
and F. oxysporum species complex [FOSC]) to form biofilms in
vitro and in vivo, and evaluated their antifungal susceptibilities.

METHODS. Biofilm formation was assessed using our in vitro
contact lens model and in vivo murine model. Biofilm
architecture was assessed using confocal laser scanning
microscopy (CLSM). Susceptibility against amphotericin B
(AmB), voriconazole (VCZ), and natamycin (NAT) was deter-
mined using the CLSI-M38-A2 method and XTT metabolic assay.

RESULTS. FSSC strains formed more biofilms than FOSC, in a
strain- and clade-dependent manner. CLSM analyses revealed
that ‘‘high biofilm forming’’ (HBF) strains had denser and
thicker biofilms than ‘‘low biofilm forming’’ (LBF) strains of
both species (thickness 51 vs. 41 lm for FSSC and 61 vs. 45 lm
for FOSC strains, P < 0.05 for both comparisons). Fusarium

biofilms exhibited species-dependent antifungal susceptibili-
ties (e.g., FSSC biofilms AmB minimal inhibitory concentrations
[MIC] ‡16 lg/mL, while NAT or VCZ MICs were 2–8 lg/mL).
FSSC-infected mice had severe corneal opacification indepen-
dent of biofilm thickness, while FOSC infection resulted in
moderate corneal opacification. Corneal fungal burden of mice
infected with HBF strains was higher than those of the LBF
strains. In contrast, the reference ATCC isolate was unable to
cause infection.

CONCLUSIONS. The ability to form biofilms is a key pathogenicity
determinant of Fusarium, irrespective of the thickness of
these biofilms. Further studies are warranted to explore this
association in greater detail. (Invest Ophthalmol Vis Sci. 2012;
53:4450–4457) DOI:10.1167/iovs.12-9848

Corneal ulcers caused by bacteria and fungi are a major
cause of visual impairment and blindness worldwide,1 and

keratitis caused by Fusarium solani and F. oxysporum is
among the most refractory and common causes of fungal
keratitis,2–4 and its incidence is increasing in many areas of the
world, including the United States.1,2,5–7 Fusarium is a
filamentous fungus that infests agricultural plants, and the
incidence of Fusarium keratitis peaks during harvest seasons
when farm workers at are more risk of corneal injury and
exposure to airborne spores.5,8,9 However, another major risk
factor for Fusarium keratitis is contact lens wear due to
increased association with contaminated lenses, lens cases, and
contact lens care solutions. The formation of biofilm by these
fungi on contact lenses and lens cases is thought to have a
major role in causing keratitis once the lens is placed on the
ocular surface.10 Biofilms are defined as a structured commu-
nity of microorganisms surrounded by self-produced extracel-
lular matrix, and are adherent to an inert or living surface.
These biofilms are resistant to most antimicrobials.11

From 2005–2007, more than 300 cases of Fusarium

keratitis were associated with contact lens wear and use of
the contact lens cleaning solution ReNu with MoistureLoc
(Bausch and Lomb, Rochester, NY),12–14 with many patients
requiring keratoplasty and some having to undergo removal of
the whole eye. The severity of disease was due to misdiagnosis
and inappropriate treatment, and to failure of antimycotic
agents. Patients experiencing these outbreaks had no history of
recent ocular trauma or prior application of corticosteroids.
Further, when this cleaning solution was withdrawn from
worldwide market in May 2006, the number of patients
declined to normal levels in June 2006.12

Microbial biofilms have been observed on contact lenses,15–17

and the 2005–2006 outbreak was attributed partly to the ability
of Fusarium to form biofilms.10,18,19 In a previous study, we
established a Fusarium biofilm model on multiple types of
contact lenses using a single F. oxysporum isolate, and
characterized the structure and developmental phases of the
formed biofilms.10 In the current study, we used the established
contact lens biofilm model to investigate the ability of Fusarium

isolates from the keratitis outbreak to form biofilm. In addition,
the antifungal susceptibility of planktonic forms of four outbreak
strains against amphotericin B (AmB), natamycin (NAT), and
voriconazole (VCZ) was determined following the M38-A2
method.20 Additionally, the susceptibility of biofilm forms of
the 4 strains also was determined using a metabolic activity assay
(tetrazolium-based XTT).10,21 Our data showed that Fusarium

isolates from the outbreak formed biofilms on soft contact lenses
in vitro and in vivo, and that biofilm formation was elevated in F.

solani compared to F. oxysporum isolates. These biofilms were
susceptible to NAT, but exhibited species-dependent suscepti-
bility to AmB and VCZ. Using an established murine model of
Fusarium keratitis, we show elevated fungal burden in high
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biofilm versus low biofilm forming isolates. Together, our
findings supported the contention that the ability of Fusarium

to form biofilms is a critical determinant in resistance to
antibiotics and to the pathogenesis of fungal keratitis, and
should be taken into consideration when managing patients with
this disease.

METHODS

Fungal Strains

Of the 27 Fusarium strains included in our study, 25 were generous

gifts from the Centers for Disease Control (CDC), and the others were

from our culture collection at the Center for Medical Mycology (CMM).

All CDC strains were isolated from corneas of keratitis patients in the

outbreak in the U.S., and were identified and characterized using DNA

sequence-based multilocus genotyping.12,22,23 Detailed information

regarding all the strains are listed in Table 1. Of these isolates 22 are

members of the species-rich Fusarium solani species complex (FSSC),

while the other five are members of the Fusarium oxysporum species

complex (FOSC). Fusarium moniliforme ATCC MYA-3629 was used as

a reference strain in the antifungal susceptibility tests conducted, and

Candida krusei ATCC 6258 was used as a quality control isolate. We

also obtained F. oxysporum environmental isolates MRL27845 and

MRL27846 from Seogchan Kang, Penn State University.

Antifungal Agents Used in the Susceptibility
Testing

Three antifungal agents, AmB (ScienceLab, Houston, TX), NAT

(SeqChem, Pangbourne, UK), and VCZ (Pfizer, New York, NY), were

included in the tests and dissolved in dimethyl sulfoxide (DMSO) to 6.4

mg/mL as stock solutions, stored at �808C. These antifungals were

selected because they are used to treat patients with fungal keratitis.

Fungal Growth Conditions

Fusarium isolates were inoculated on potato dextrose agar (Becton,

Dickinson and Company, Annapolis, MD), and incubated for 2 days at

358C and then for 5 days at 268C. Following incubation, conidia of the

Fusarium strains were harvested and hyphae were removed by

filtration through sterile gauze. Conidia were washed with PBS and

standardized to 1 3 106 conidia/mL by counting spores in a

hemacytometer for biofilm formation experiments, or washed with

sterile 0.85% saline and standardized to 1 3 106 conidia/mL for testing

the antifungal susceptibility of planktonically grown cells as described

in the Clinical and Laboratory Standard Institute (CLSI) M38-A2

document.20 Culture suspension of planktonic F. moniliforme ATCC-

MYA-3629 was prepared under conditions similar to those used for the

clinical strains, while suspension of Candida krusei cells (ATCC 6258)

was prepared as recommended in the CLSI M27-A3 document.24

Biofilm Formation

The in vitro model of Fusarium biofilm formation on soft contact lens,

established previously in our laboratory, was used to evaluate biofilm-

forming abilities of the 27 Fusarium isolates.10 The XTT metabolic

assay was proved useful in evaluating fungal biofilm formation on

contact lenses.19 Lotrafilcon A soft contact lenses (Night & Day, Ciba

Vision, 20% water, base curve 8.6, power þ1.50, diameter 13.8, FDA

Group 5; Duluth, GA) were selected in this study for biofilm formation

because our previous study indicated that Fusarium strains formed the

most abundant and hypha-richest biofilms on this type of lens.10

Briefly, Lotrafilcon A soft contact lenses were washed with PBS, placed

in 12-well tissue culture plates containing 4 mL standardized cell

suspension (1 3 106 conidia/mL), and incubated for 90 minutes at 378C

(adherence phase). These lenses were washed gently with 4 mL PBS to

remove nonadherent cells. Next, lenses were immersed in Sabouraud

dextrose broth (SDB; Difco Laboratories, Detroit, MI) medium and

incubated for 48 hours at 378C on a rocker. Biofilms were quantified

using a tetrazolium XTT (2,3-bis-[2-methoxy-4-nitro-5-sulfophenyl]-2H-

tetrazolium-5-carboxanilide) assay as described previously.10,21 Four

strains, which formed the most and the least biofilm in the FSSC or

FOSC group, were selected for further experiments to investigate their

biofilm morphology and antifungal susceptibility patterns.

Confocal Laser Scanning Microscopy (CLSM)

The architecture of biofilms formed on soft contact lenses by 4 strains

was analyzed using CLSM, following our previously described meth-

od.21 Briefly, soft contact lenses containing biofilms were transferred to

12-well plates and incubated for 45 minutes at 378C in 4 mL of PBS

containing the fluorescent stains FUN-1 (10 mM) and concanavalin A-

Alexa Fluor 488 conjugate (ConA, 25 mg/mL). After incubation with the

dyes, the lenses were flipped and placed on a 35-mm-diameter glass-

bottom Petri dish (MatTek Corp., Ashland, MA). Stained biofilms were

observed using a Zeiss LSM510 confocal scanning laser microscope

equipped with argon and HeNe lasers, and mounted on a Zeiss

Axiovert100 M microscope (Carl Zeiss Microscopy GmbH, Hamburg,

Germany). All observations were conducted with a water immersion C-

apochromat objective (403; numerical aperture, 1.2).

Antifungal Susceptibility Testing of Planktonic
Fusarium Cells

A broth microdilution method was used in accordance with the CLSI

guidelines of M38-A2 document,20 except for the inocula being

prepared by means of counting conidia.10,21 The standardized

Fusarium suspension (1 3 106 conidia/mL in 0.85% saline) was

diluted further with RPMI 1640 medium (Hardy Diagnostics, Criterion

Dehydrated Culture Media, with MOPS), resulting in a suspension of 2

3 104 conidia/mL. The stock solutions of the three antifungal agents

TABLE 1. Fusarium Isolates Tested in the Current Study

Strain ID State Body Site USDA Organism ID

B6902 NJ Cornea FSSC 1-a

B6904 NJ Cornea FSSC 1-a

B6907 CT Cornea FSSC 1-a

B6908 CT Cornea ulcer FOSC 3-b

B6913 OH Cornea FSSC 1-a

B6914 OH Cornea FSSC 2-a

B6936 VT Cornea FOSC 3-a

B6919 PA Cornea (L) FSSC 1-a

B6921 NJ Cornea FSSC 2-a

B6922 PA Cornea (R) FSSC 3-a

B6926 CT Cornea FSSC 2-d

B6927 CT Cornea (R) FSSC 2-d

B6951 IL Cornea ulcer (L) FSSC 2-e

B6952 IL Cornea (L) FSSC 2-d

B6966 IA Cornea FSSC 1-a

B6970 MD Cornea FSSC 6-a

B6971 MI Right eye FSSC 2-g

B6980 OH Cornea FIESC 1-a

B6981 OH Eye ulcer (R) FOSC 3-e

B6982 TN Eye FSSC 2-d

B6983 TN Cornea FSSC 1-a

B6984 TN Cornea (L) FSSC 7-a

B6992 MO Cornea FOSC 4-c

B7056 FL Cornea FSSC 1-b

B7059 FL Cornea FSSC 3-b

MRL8609 OH Cornea FSSC 1-b

MRL8996 OH Cornea FOSC 3-a

L, left; R, right.
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were diluted further with DMSO and RPMI 1640 medium to prepare

working solutions with concentrations ranging from 0.25–128 lg/mL.

Round-bottom 96-well microdilution plates were set up according to

the M38-A2 methodology and were incubated at 358C for 48 hours. For

all three drugs, the minimum inhibitory concentrations (MICs) were

read as the lowest drug concentration that prevented any discernable

growth (100% inhibition) compared to growth control. After the MICs

were read visually, the XTT metabolic assay also was used in reading

MICs (final concentration of XTT 100 lg/mL and menadione 25 lM).25

Antifungal Susceptibility Testing of Fusarium
Biofilms

Susceptibility of formed biofilms to different agents was evaluated as

described previously.10 Briefly, stock solutions (6.4 mg/mL) of the

drugs were diluted with DMSO and SDB medium to concentrations

ranging from 0.5–256 lg/mL. Four mL of each drug solution were

added to separate wells of a 12-well plate. The 11th and the 12th wells

of every plate acted as growth control and negative control,

respectively. Contact lens with mature (48-hour grown) Fusarium

biofilms were transferred gently to the first to 11th wells and incubated

at 378C for 48 hours. At the end of the incubation period, contact

lenses with biofilms were transferred gently to 12-well plates

containing 4-mL of PBS, and their metabolic activities were determined

by XTT assay. Next, percent inhibition induced in biofilms by each drug

solution was evaluated by comparing their metabolic activities to that

of biofilms grown in the absence of any drug.

Corneal Infection Model

For the biofilm model of infection, Fusarium isolates were incubated

with contact lenses, and biofilms were formed as described above. The

corneal epithelium of C57BL/6 mice was abraded and a 2 mm diameter

contact lens punch was placed on the ocular surface for 2 hours.26

After this time, the lenses were removed, and the corneas were

examined by microscopy on days 1 and 2 post-infection. Mice then

were euthanized, eyes were homogenized, and colony-forming units

(CFUs) were calculated.26 For the intrastromal model, 1 3 104 conidia

were injected directly into the corneal stroma in 2 lL PBS as described

previously.27 Corneal disease was examined and photographed on days

1 and 2 after infection, and on day 2 mice were euthanized, eyes were

homogenized, and CFUs determined as before.26,27 All animal studies

were performed in compliance with the ARVO Statement for the Use of

Animals in Ophthalmic and Vision Research.

Statistical Analyses

All experiments were performed in duplicate. Statistical analysis was

performed using ANOVA by the software SPSS 16.0 to assess the

amount of biofilm formed by different Fusarium strain. A P value of <
0.05 was considered statistically significant. For antifungal susceptibil-

ity testing, difference of more than 3 dilutions between 2 MIC values

was considered significant.

RESULTS

Biofilm Formation of Fusarium Clinical Isolates

We used metabolic activity assay to quantify biofilm forming
ability of 25 outbreak and 2 additional clinical isolates of
Fusarium. We found that all tested isolates formed biofilms on
Lotrafilcon A soft contact lenses after 48 hours of incubation.
In general, the FSSC strains formed 1.5-fold more biofilms than
the FOSC strains (mean XTT OD 0.035 6 0.019 vs. 0.022 6
0.007, respectively; P¼ 0.033). Among the FSSC strains, B6914
formed significantly more biofilms than B6919 (P ¼ 0.009),
B6966 (P ¼ 0.03), B6983 (P ¼ 0.002), and B6970 (P ¼ 0.002;
Fig. 1A). Moreover, metabolic activity of biofilms formed by

strain B6919 was significantly more than that of biofilms
formed by strain B6984 (P¼ 0.041), while strain B6922 formed
significantly higher biofilms than B6982 and B6970 (P¼ 0.012
for both comparisons). In contrast, no significant difference in
biofilm metabolic activity was observed for the FOSC strains
(Fig. 1B). Furthermore, we tested the ability of two environ-
mental isolates of F. oxysporum (MRL27845 and MRL278456),
and found that that these strains did not differ in their biofilm
forming ability from other FOSC strains (XTT OD 0.028 6 0.01
and 0.025 6 0.006, respectively; P > 0.05; Fig. 1B). Since the
strains tested represented different clades, we determined
whether the biofilm forming ability of Fusarium isolates
differed by clades. As shown in Figure 1C, strains belonging to
clade 6a formed more biofilms than 2a (P¼ 0.018) or clade 3a
(P¼ 0.021), but less than clade 7a (P¼ 0.0054). No statistically
significant differences were observed among FOSC clades (Fig.
1D). These results revealed that more of the FSSC strains
formed biofilms than FOSC strains, and that the ability to form
biofilms varied by strain and clade type.

Biofilm Architecture

Next, we used CLSM and scanning electron microscopy (SEM)
to characterize the architecture and ultrastructure of biofilms
formed by two strains each of FSSC (B6914 and B6970) and
FOSC (B6908 and B6936). These strains were selected as
representative ‘‘low– ’’ and ‘‘high–’’ biofilm forming strains.
CLSM analysis revealed that the ‘‘high biofilm forming’’ strains
had denser and more compact biofilms than the ‘‘low biofilm
forming’’ strains of both species (Figs. 2A, 2C). The ‘‘low
biofilm former’’ strains (B6970 and B6936) formed biofilms in
which the fungal conidia and hyphae were spread out, and the
extracellular matrix was sparse (Figs. 2B, 2D). These analyses
also revealed that thickness of FSSC 6914 biofilms was
significantly higher than those formed by FSSC B6970
(thickness 51 vs. 41 lm, P < 0.05), and that those formed by
FOSC B6908 were significantly thicker than B6936 (61 vs. 45
lm, P < 0.05).

Susceptibility of Fusarium Biofilms to Antifungal
Agents

Next, we evaluated the susceptibility of biofilms formed by the
selected isolates to three antimicrobial agents (NAT, VCZ, and
AmB), and compared them to their planktonic forms. As shown
in Table 2, planktonic forms of the tested isolates were
susceptible to the three agents. The MICs were in the range of
1–8 lg/mL, with AmB exhibiting the lowest MIC (1 lg/mL). We
also used XTT assay to determine the susceptibility of
planktonically grown Fusarium isolates, and found that the
MICs were in agreement between the two methods (data not
shown). Compared to planktonically grown cells, FSSC biofilms
exhibited reduced susceptibility to AmB (MIC 16 or 128 lg/
mL), but were susceptible to NAT and VCZ (MIC range 2–8 lg/
mL). In contrast, FOSC biofilms exhibited reduced susceptibility
to VCZ (MIC 256 lg/mL), but were susceptible to AmB and NAT
(MIC range 0.5–4 lg/mL, Table 2). These results demonstrated
that Fusarium grown as a biofilm are more resistant to these
antifungal agents than the planktonic form; however, biofilm
forming organisms exhibited varying susceptibility to different
antifungals in a species-specific manner.

Virulence of Fusarium Biofilms in a Murine Model
of Contact Lens Associated Fungal Keratitis Model

To determine if the ability to form biofilms relates to increased
virulence of Fusarium, we examined the ability of outbreak
isolates of F. solani and F. oxysporum to cause keratitis using
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our recently established murine model of contact lens-
associated Fusarium keratitis.26 To ascertain if there are
additional intrinsic differences in virulence among the tested
strains, corneas also were infected by intrastromal injection.27

Mice infected by the biofilm route or intrastromally with either
isolate of F. solani had severe corneal opacification, indepen-
dent of whether they were ‘‘high-’’ or ‘‘low-’’ biofilm formers
(Fig. 3). In contrast, mice infected with either isolate of F.

oxysporum suffered moderate corneal opacification, and there
was no difference between the high and low biofilm formers.
Although corneal opacity was species dependent but not
biofilm thickness dependent, we also found that corneal fungal
burden as measured by CFU was associated with biofilm
thickness. CFU from mice infected with ‘‘high-biofilm’’ forming
strains were higher than those of the ‘‘low-biofilm’’ forming
strains of both F. oxysporum and F. solani (Figs. 3A, 3B).
Interestingly, the reference F. moniliforme ATCC isolate was
unable to cause infection in contact lens biofilm infection
model, resulting in the lowest fungal burden among all the
isolates tested and minimal opacification (Figs. 3A, 3B). Results
from the intrastromal injection model revealed a strain-

dependent disease pattern similar to those from the corneal
biofilm model, with F. solani causing more severe disease than
F. oxysporum (Figs. 3C, 3D). The difference in CFU between
high and low biofilm producing strains also was observed after
intrastromal injection of either F. oxysporum or F. solani.
Taken together, these findings demonstrate that the ability to
form biofilms (comparing ATCC with clinical isolates) is a key
determinant of Fusarium pathogenesis in vivo, that F. solani is
more virulent than F. oxysporum regardless of biofilm
thickness, and that the ability to form biofilms may contribute
to survival of both species.

DISCUSSION

In our study, we compared the ability of Fusarium isolates
obtained from the fungal keratitis outbreak to form biofilms,
susceptibility of representative isolates to different antimicro-
bial agents, and their virulence in a mouse model of biofilm
fungal keratitis. We found that all tested outbreak isolates,
unlike the reference ATCC isolate, formed biofilms to varying
degrees.

FIGURE 1. Comparison of the ability of Fusarium isolates obtained from keratitis outbreak to form biofilms. Metabolic activity (XTT) assay was used
to evaluate biofilm formation by isolates belonging to FSCC (A, C) or FOSC (B, D). Panels (A) and (B) show variation of biofilm forming ability by
strain type, while panels (C) and (D) present results showing variation in biofilm formation by clade type. Horizontal bars: significantly different
comparisons (P � 0.05). MRL8609 and MRL8996 were non-outbreak isolates obtained from keratitis patients.
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Our studies revealed that overall, the ability to form biofilms
is higher in F. solani isolates compared to F. oxysporum

isolates, which is consistent with the report by Chang et al.
suggesting that the ability of Fusarium to form biofilms on

contact lenses or lens cases may have had a role in the previous
outbreak.12 Interestingly, F. solani species were the most
commonly isolated (77%) in this outbreak, followed by F.

oxysporum species (18%). The fact that F. solani isolates in our

FIGURE 2. Confocal microscopy analysis of biofilms formed by FSSC (A, B) and FOSC (C, D) isolates. Formed biofilms were stained with fluorescent
stains FUN-1 (red) and concanavalin A-Alexa Fluor 488 conjugate (green), and examined using a Zeiss LSM510 confocal scanning laser microscope
equipped with argon and HeNe lasers, and mounted on a Zeiss Axiovert100 M microscope. All observations were conducted with a water
immersion C-apochromat objective. Representative images are shown for (A) FSSC 6914, (B) FSSC 6970, (C) FOSC 6908, and (D) FOSC 6936.
Magnification 203.

TABLE 2. MIC (lg/mL) of Antimicrobial Agents against Planktonic and Biofilms Forms of Fusaria

Strain

Planktonic MIC (lg/mL) Biofilms MIC (lg/mL)*

AmB NAT VCZ AmB NAT VCZ

F. solani B6914 1 4 8 128 4 2

F. solani B6970 1 2 4 16 4 8

F. oxysporum B6908 1 4 4 0.5 4 256

F. oxysporum B6936 1 4 4 1 4 256

* Biofilm MIC was defined as the drug concentration that led to reduction in metabolic activity by 50% compared to untreated control.
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study formed more robust biofilms than F. oxysporum isolates
(including the tested environmental isolates) supports the
notion that the ability to form biofilms is an important
determinant in the pathogenesis of fungal keratitis. This
observation is similar to other studies comparing invasive
and less invasive Candida species, showing that the more
invasive C. albicans strains were more prone to form biofilms
than potentially invasive but less commonly pathogenic
species, such as C. parapsilosis, C. glabrata, and C. tropica-

lis.28 The finding that outbreak isolates varied in their ability to
form biofilms also is similar to previous reports that
demonstrated species-dependent biofilm formation for Candi-

da.29,30 Estivill et al. investigated biofilm formation by five
species of Candida on three clinical materials, and reported
strain- and species-dependent biofilm formation.29 Lattif et al.
characterized the biofilms formed by C. parapsilosis, C.

metapsilosis, and C. orthopsilosis, and reported strain-depen-
dent biofilm forming ability of these three species.30 Our
results also showed that the ability to form biofilms varied by
clade type of F. solani species. The implication of the
difference between clades in their ability to form biofilms is
not clear, and remains to be investigated using larger number
of strains for each clade.

Our results showed that NAT exhibited similar MICs against
planktonic and biofilm forms of F. solani and F. oxysporum,
indicating that biofilm formation has no apparent effect on
NAT susceptibility. In contrast, AmB and VCZ were active
against planktonic forms of the two Fusarium species, while
exhibiting species-dependent activity against Fusarium bio-
films. In this regard, VCZ was active against biofilms formed by
F. solani, whereas AmB was active against F. oxysporum

biofilms. Although the underlying basis for these differences
has yet to be determined, we showed that while efflux pumps
have a critical role in fluconazole resistance in early-phase
Candida biofilms, alteration in sterol composition contributed
to resistance at the intermediate and mature phases of biofilm
formation.31 In a separate study, Walsh et al. demonstrated that
depletion of ergosterol contributed substantially to diminished
binding of AmB to the fungal cytoplasmic cell membrane and,
hence, result in polyene resistance.32 Based on these studies,
we speculate that the resistance to AmB in F. solani biofilms
may be due to depletion of membrane ergosterol, whereas
resistance to VCZ in F. oxysporum biofilms may be due partly
to upregulation of efflux pumps. The clinical implication of
this finding is that species identification is critical for optimal
management of Fusarium keratitis. Since NAT exhibited
activity against both species, this agent may have use as the
first line of treatment, especially in cases where biofilm
formation is suspected. More detailed analysis must be
performed using a large panel of organisms to ascertain the
pattern of antifungal susceptibility with respect to different
Fusarium species.

Our results showed that biofilm thickness did not correlate
with antifungal resistance, which is consistent with a report
that fungal strains that form thicker biofilms are not necessarily
more resistant than those with low biofilm forming ability. In
this regard, Baillie and Douglas reported that thin biofilms
(with little extracellular matrix, ECM) did not exhibit
significant differences in drug susceptibility compared to
thicker biofilms, indicating that drug resistance is unrelated
to biofilm thickness or matrix formation.33

FIGURE 3. Evaluation of in vivo virulence of Fusarium keratitis outbreak isolates using contact lens-associated biofilms or intrasomal injection.
Murine corneas were infected with F. solani or F. oxysporum strains either by (A, B) adding a biofilm-contaminated contact lens to abraded cornea,
or (C, D) intrastromal injection with conidia. Corneas of C57BL/6 mice were infected with isolates belonging to FSSC (B6914, B6970), FOSC (B6908,
B6936), or ATCC reference strains by abrading the cornea and adding a contact lens containing biofilms or intrasomally. (A, C) Corneal opacification
in infected mice, showing representative eyes from two repeat experiments with 5 mice per group. (B, D) Corneal fungal burden of infected mice,
expressed as CFUs/eye. Data points represent individual corneas.
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Our finding that, in contrast to the reference ATCC strain,
all Fusarium outbreak isolates tested formed biofilms in vitro
and in vivo, suggested that the ability of Fusarium isolates to
form biofilms could have been a contributing factor in the
keratitis outbreak. This observation agrees with our previous
finding that the ATCC isolate does not form biofilms in vitro.10

The lack of in vivo virulence of this isolate may be due to loss
of virulence due to multiple subculturing during long-term
storage. Therefore, although this ATCC isolate is recommended
by the ISO guidelines for evaluating the antimicrobial effects of
lens disinfectants, a recent clinical isolate should be used for
testing against Fusarium biofilms.

Given that F. oxysporum and F. solani were isolated from
the outbreak, we tested the hypothesis that biofilm thickness
has a determining effect on severity of disease. However, we
also found that F. solani isolates caused more severe corneal
opacification than F. oxysporum isolates regardless of biofilm
thickness. As F. solani keratitis also was more severe than F.

oxysporum keratitis in the model in which conidia are injected
intrastromally, it is likely that this difference may be
attributable to additional virulence factors. Of particular
interest was the observation that the low biofilm forming F.

oxysporum and F. solani isolates had increased CFU compared
to high biofilm isolates. This suggested either an inverse role
for biofilm in fungal survival, or as this difference also was
observed in the intrastromal model, that genes associated with
biofilm formation also have a role in inhibiting fungal killing by
infiltrating neutrophils.26,27 Therefore, the ability to cause
keratitis in a murine model appears to be associated with
biofilm formation, but independent of the biofilm thickness.
Further studies using these strains may identify novel fungal
virulence factors.

In summary, we found that Fusarium isolates from the
contact lens-related outbreak all formed biofilm on soft contact
lenses, but that the ability to form thicker biofilms was higher
in F. solani isolates compared to F. oxysporum isolates.
However, the role of biofilm formation on resistance to
antifungal agents varied, where all were susceptible to NAT
but exhibited species-dependent susceptibility to AmB and
VCZ. The ability of Fusarium to form biofilms is a critical
determinant in the pathogenesis of fungal keratitis and may
contribute to the difficulty of clinical management of this
disease.
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